Dlk/ZIP kinase is a newly discovered serine/threonine kinase which, due to its homology to DAP kinase, was named DAP like kinase, Dlk. This kinase is tightly associated with nuclear structures, it undergoes extensive autophosphorylation and phosphorylates myosin light chain and core histones H3, H2A and H4 in vitro. Moreover, it possesses a leucine zipper which mediates interaction with transcription factor ATF-4, therefore it was called ZIP kinase. We employed the yeast twohybrid system to identify interaction partners of Dlk that might serve as regulators or targets. Besides ATF-4 and others we found Par-4, a modulator of transcription factor WT1 and mediator of apoptosis. Complex formation between Dlk and Par-4 was con®rmed by GST pull-down experiments and kinase reactions in vitro and coexpression experiments in vivo. The interaction domain within Dlk was mapped to an arginine-rich region between residues 338 ± 417, rather than to the leucine zipper. Strikingly, coexpression of Dlk and Par-4 lead to relocation of Dlk from the nucleus to the cytoplasm, particularly to actin ®laments. These interactions provoked a dramatic reorganization of the cytoskeleton and morphological symptoms of apoptosis, thus suggesting a functional relationship between Dlk and Par-4 in the control of apoptosis.
Introduction
Phosphorylation of proteins is a regulatory tool most commonly used in eukaryotic cells. The number of kinases that are recognized as members of signal transduction pathways or as key regulators of speci®c processes such as cell cycle progression, transcription, replication, mitosis, metabolic processes, etc. is steadily increasing. Estimates on the total number of protein kinases within the mammalian genome range in the order of 2000 dierent enzymes (Hunter, 1994) . With every newly discovered enzyme the task is to identify its physiological substrates, its upstream regulators and its downstream targets and ®nally, its biological role.
We have recently cloned from a rat cDNA library a novel kinase gene which, due to its homology to DAP kinase was named Dlk for DAP like kinase (KoÈ gel et al., 1998) . During completion of this study, the mouse and human homologs of Dlk were described by Kawai et al. (1998) as the result of a two hybrid screen using ATF-4, a member of the ATF/CREB family of transcription factors (Hai et al., 1989) as bait. These authors showed that the new kinase contains a functional leucine zipper that serves for homodimerization of the kinase and for heterodimerization with transcription factor ATF-4. Therefore, this kinase was named ZIP kinase, for zipper interacting protein kinase. Moreover, these authors claimed that ectopic overexpression of ZIP kinase in NIH3T3 cells induced apoptosis, as might be expected from its homology to DAP kinase the latter of which is involved in interferon g-induced cell death (Deiss et al., 1995; Cohen et al., 1997) . In our hands Dlk, when expressed as GFPfusion protein, did not exhibit apoptotic activity to a signi®cant extent. Our studies revealed that Dlk is localized to the nucleus, where it is tightly associated with nuclear structures and shows a speckle type distribution. Dlk exhibits extensive autophosphorylation and phosphorylates core histones H3, H2A and H4, and myosin light chain in vitro. Taken together these ®ndings suggested that Dlk might be involved in regulation of transcription or splicing. To give credit to both studies and due to the structural arrangement (the kinase domain related to DAP kinase is located at the N-terminus and the leucine zipper is located at the Cterminus), we used the term Dlk/ZIP kinase in the title and in the Discussion but, for simplicity, Dlk in the other sections.
In the present investigation we sought for interaction partners of Dlk that might function as upstream regulators or as downstream targets. Using the two hybrid system (Fields and Song, 1989 ) for screening we isolated and identi®ed several clones coding for potential interaction partners. Two of these encoded known transcription factors or mediators, ATF-4 and Par-4. The interaction between Dlk and Par-4 was investigated in greater detail. Strikingly, coexpression of Par-4 and Dlk lead to relocation of Dlk to the cytoplasm, a dramatic reorganization of the cytoskeleton and morphological signs of apoptosis.
Results
Two-hybrid-screen reveals cytoplasmic and nuclear proteins as interacting proteins Dlk was cloned into pBD-Gal4, downstream of the Gal4-DNA binding domain and used as bait to screen for interacting proteins in a cDNA library from SV40-transformed rat ®broblasts that was cloned in fusion with the Gal4 activation domain (pAD-Gal4) (see Materials and methods). Twenty-®ve His autotroph colonies were isolated from His(7) plates, all of which were positive in the subsequent X-gal test. Plasmids from these yeast clones were prepared and the inserts were isolated and sequenced. This analysis revealed ®ve clones coding for transcription factor ATF-4, thus con®rming results of Kawai et al. (1998) . Additionally, we found four unique clones coding for Par-4, tropomyosin a, Rabin 3 and a protein related to zinc ®nger transcription factors, respectively.
The interaction of Dlk with Par-4 was investigated in greater detail. Par-4 (prostate apoptosis response gene 4) was originally identi®ed as a response gene induced upon induction of apoptosis in prostate carcinoma cells (Sells et al., 1994) , and later on as interaction partner of transcription factor WT1, the Wilm's tumor gene product (Johnstone et al., 1996) and of PKC isoforms l/i and z (Diaz-Meco et al., 1996) . Par-4 contains a leucine zipper which mediates its interaction with the zinc ®ngers of WT1 and PKC l/i/z. The Par-4 clone isolated in our screen extended from nucleotide 481 ± 2122, corresponding to amino acids 137 ± 332 of the published sequence (Sells et al., 1994 .
Mapping of the interaction domains
The interaction was ®rst con®rmed by direct cotransformation of yeast cells with plasmids coding for BDGal4-Dlk and Par-4 in fusion with AD-Gal4. To determine the interaction domains within Dlk, a series of deletion mutants was generated and employed as BD-Gal4 fusion proteins in the two-hybrid-system. The deletion mutants constructed included deletion of the leucine zipper (DC1=amino acids 418 ± 448), deletion of an arginine-rich domain containing two putative NLSs (DC2=residues 338 ± 448), and a deletion of the complete extra kinase domain (DC3=residues 276 ± 448 (see scheme in Figure 1 ). As shown in Figure 1 GFP-D lk K42A Figure 1 Two hybrid interaction assay to determine the interaction domains in Dlk. Yeast cells were cotransformed with pBD-Dlk, wildtype or deletion mutants DC1-3, as indicated, and Par-4 or, as control only the bait or target plasmids were transfected; transformed cells were ®rst grown in selection media lacking leucine or tryptophane, or both, and then plated on agar lacking histidine, as described under Materials and methods. Bottom part: Fusion constructs of wildtype and deletion mutants of Dlk. The schematic drawings consist of three parts, the N-terminal oval in dark grey represents the fusion parter which can be GFP, GST or BD Gal4; the central part in light grey represents the kinase domain and the C-terminal part in dark grey the extra kinase domain of Dlk. The positions of putative nuclear localization signals, NLS 1 ± 4, and of the leucine zipper, which was mapped to residues Val 422, Val 429 and Leu 436 (Kawai et al., 1998) revealed positive clones not only with full length Dlk but also with mutant DC1 lacking the leucine zipper, but not with the other deletion mutants. This result was somewhat surprising since Par-4 contains a bona ®de leucine zipper (Johnstone et al., 1996) and we expected it to bind to the leucine zipper of Dlk. ATF-4, which served as positive control, exhibited a functional interaction only with full length Dlk (data not shown), thus con®rming that the interaction of these proteins occurred via the leucine zipper (Kawai et al., 1998) .
Binding in vitro
We next performed in vitro binding assays. Par-4 was expressed as GST fusion protein in E. coli, it was puri®ed by adsorption to glutathion sepharose and employed in binding reactions with
35
S-methioninelabeled in vitro translated Dlk. Since Dlk is a rather polar protein (KoÈ gel et al., 1998) and binds readily to polar resins like sepharose, it was necessary to reduce unspeci®c binding by preincubating the GT-sepharose beads with excess unlabeled Dlk prior to adsorption of the GST fusion proteins (see Materials and methods). In this experiment Dlk clearly bound to GST-Par-4 but not to GST alone (Figure 2) . Unfortunately, the reverse experiment using His-tagged baculovirusexpressed Dlk and in vitro translated 35 S-methioninelabeled Par-4 did not reveal clearcut results. However, ATF-4, which was included as positive control, bound also rather weakly under these condition (data not shown), and several other examples are known where in vitro binding occurs only in one direction.
Par-4 is a substrate of Dlk
Interacting proteins could be regulators or substrates of Dlk. To test this latter possibility, anity-puri®ed GST-Par-4 was employed in kinase reactions using puri®ed His-tagged Dlk as enzyme (see Materials and methods). As shown in Figure 3 , Par-4 seemed to be phosphorylated. Unfortunately, the GST-Par-4 fusion protein has a similar electrophoretic mobility as HisDlk. Since Dlk undergoes extensive autophosphorylation the phosphorylation of GST-Par-4 was obscured and only evident as a stronger band at the position of Dlk (52 kDa) compared to the sample where GST alone was added to the kinase reaction (compare Figure 3 , lanes 1 and 2). GST alone was clearly not phosphorylated ( Figure 3 , lane 2). To circumvent this diculty, we used deletion mutant DC2 of Dlk which lacks 110 carboxy-terminal residues but has full kinase activity to a number of in vitro substrates including myosin light chain and core histones (KHS, unpublished results). Indeed, GST-Par-4 was phosphorylated by the Dlk deletion mutant, although rather weakly, as shown in Figure 3 , lane 4). From this result we conclude that full length Dlk does phosphorylate Par-4 as well. Thus, Par-4 is a substrate of Dlk at least in vitro.
Expression analyses of Par-4 by Northern blot hybridization
Par4 was shown to be induced upon induction of apoptosis (Johnstone et al., 1996) . Otherwise, it seems to be ubiquitously expressed but appears to be downregulated in terminally dierentiated cells . Three mRNA species have been described, a major species of 2.4 kb and additional species of 5 and 7.3 kb. The latter species might represent splicing variants or transcripts of related genes. When we probed our Par-4 clone on a multiple tissue Northern blot we detected three dierent Par-4-related mRNAs with a 2.4 kb species being the most prominent one and additional bands at 4.3 and 7.3 kb (Figure 4 ), in agreement with Johnstone et al. (1996) . Expression was highest in lung and kidney, somewhat lower in spleen and liver and rather low in heart, brain, skeletal muscle and testis. This latter ®nding is at variance to previous ®ndings showing high Par-4 expression in testis (Johnstone et al., 1996) . Par-4 was expressed as GST-fusion protein and puri®ed by anity chromatography on GT-sepharose; baculovirus-expressed HisDlk or His-DlkDC2 were puri®ed on Ni-NTA-agarose. Puri®ed proteins were subjected to in vitro phosphorylation and analysed by SDS ± PAGE on 10% polyacrylamide gels and autoradiography, as outlined under Materials and methods. In the left two lanes, full length Dlk, while in the right three lanes deletion mutant DC2 was employed; the strong bands represent autophosphorylated Dlk, the arrowhead in lane 4 indicates GST-Par-4
Coexpression of Dlk and Par-4 results in relocation of Dlk to the cytoplasm, reorganization of the cytoskeleton and induction of apoptosis A possible in vivo interaction and colocalization of Dlk and Par-4 was examined by transient overexpression of both proteins in REF52 cells and subsequent immunouorescence analyses. For these experiments, Par-4 was employed as full length clone, or deletion mutants thereof and Dlk, or Dlk mutants, were employed as GFP-fusion proteins. Dlk was inspected directly while Par-4 was visualized by indirect immuno¯uorescence. Dlk exhibited a speckled distribution in the nucleus in most cells, as shown previously (KoÈ gel et al., 1999) . When Par-4 was expressed alone, it was found exclusively in the cytoplasm in agreement with previous observations Rangnekar, 1998) . The diuse distribution was superimposed by ®lamentous arrays (very similar to the picture shown in Figure 7b ). Neither Dlk nor Par-4 expression induced perturbations of the cytoskeleton or morphological changes of nuclei to a signi®cant extent. These pictures changed completely when Dlk and Par-4 were coexpressed. Dlk was now partially localized in the cytoplasm where it exhibited a pronounced colocalization with Par-4, as shown in Figure 5a ,b. Par-4, on the other hand, was never found in the nucleus. In the cytoplasm, both proteins occurred in ®lamentous structures which were identi®ed as actin ®laments by staining with cumarinlabeled phalloidin (see Figure 5c and merged fluorescence of GFP-Dlk and actin in 5d). However, the ®lamentous staining of Dlk and Par-4 appeared often interrupted and less continuous than that of actin suggesting that the interaction of Dlk and Par-4 with actin ®bres occurs via an associated protein. That these structures do indeed represent actin ®laments was further con®rmed by treatment of cells with cytochalasin B, which led to disruption of the actin ®lament system and, concomitantly, the Dlk and Par-4 associated structures (data not shown).
The subcellular distribution of Dlk, but not of Par-4, obviously depended on the relative expression levels of Dlk and Par-4. When Dlk was in excess some of it was still found in the nucleus with the usual speckled distribution, whereas Par-4 remained in the cytoplasm where it clearly colocalized with Dlk. When Par-4 was in excess, Dlk was completely retained in the cytoplasm and the colocalization of both proteins with actin ®bres became very distinct. Even more striking was a dramatic To see, whether these eects were in¯uenced by the kinase activity of Dlk we cotransfected Par-4 and GFP-Dlk-K42A, a kinase-negative mutant (KoÈ gel et al., 2000) , into REF52 cells. In most cells Dlk-K42A showed a diuse nuclear staining with hardly any speckles and no relocation to the cytoplasm ( Figure  7a) . Again, the distribution of Par-4 did not change at all (Figure 7b) .
To investigate, whether interaction of Dlk and Par-4 is mediated by the leucine zipper of Par-4 we carried out coexpression experiments with full length Dlk and a leucine zipper-less deletion mutant of Par-4. In this case, nuclear localization of Dlk was largely unaected (Figure 7c) . Likewise, the Par-4 mutant remained in the cytoplasm, with a rather diuse distribution, however (Figure 7d) . Together these results demonstrate that Dlk and Par-4 do indeed interact in vivo and that this interaction depends on the kinase activity of Dlk and the leucine zipper of Par-4.
Induction of apoptosis depends on the level of cytoplasmic Dlk
While neither Dlk nor Par-4 induced apoptosis on its own, a high proportion of the coexpressing cells exhibited signs of apoptosis suggesting that either interaction of the two proteins or relocation of Dlk to the cytoplasm triggers apoptosis. To investigate these possibilities, we performed a titration experiment in which coexpression of Dlk and Par-4 occurred in dierent ratios. The rationale behind this was the assumption that induction of apoptosis would require complete nuclear exclusion of Dlk, as achieved by excess Par-4. Since there are some discrepancies to other reports showing that both Dlk/ZIP kinase and Par-4 are capable of inducing apoptosis on their own in NIH3T3 cells (Kawai et al., 1998; Diaz-Meco et al., 1996) we included these mouse ®broblasts in our study. Dlk and Par-4 were expressed in REF52 and NIH3T3 cells at ratios of 1 : 1, 1 : 0.3, or 0.3 : 1 (based on the amounts of expression plasmids used for transfection). Two days posttransfection, the transfected cells were analysed for the subcellular distribution of Dlk and Par-4 and for induction of apoptosis. The distribution of Dlk was dependent on the relative expression level of Par-4, as described above. At a Dlk:Par-4 ratio of 1 : 1, about 60% of the cells were apoptotic (see quantitation of the data in Figure 8 ). When Dlk was in threefold excess over Par-4, apoptosis was reduced to about 40%. In contrast, when Par-4 was expressed in threefold excess over Dlk, almost all cells entered apoptosis. The results were very similar in both cell lines. These data indicate that complete nuclear exclusion of Dlk is not required for apoptosis to occur and that the amount of cytoplasmic and not of nuclear Dlk determines whether a cell enters apoptosis. Par-4 might function in targeting Dlk to the cytoskeleton and thereby to induce apoptosis.
Discussion
In search for the biological function(s) of Dlk/ZIP kinase we sought to identify interaction partners that might serve as regulators or substrates or downstream eectors. The yeast two hybrid screen revealed two transcription factors or modulators, ATF-4 and Par-4, and additional proteins that were not analysed in this study. The interaction between Dlk and Par-4 was con®rmed by in vitro binding assays and by coexpression experiments. Strikingly, coexpression of Dlk and Par-4 resulted in relocation of Dlk from the nucleus to the cytoplasm and to a dramatic reorganization of the cytoskeleton accompanied with morphological signs of apoptosis. Our data identify Par-4 as new interaction partner of Dlk/ZIP kinase and they point to an important role of this interaction in the regulation of cell survival, perhaps through modulation of events that take place at the cytoskeleton.
The leucine zipper as interaction domain in transcription factors and protein kinases
A peculiarity of Dlk/ZIP kinase is its leucine zipper. This interaction motif was ®rst identi®ed in transcription factors of the CAAT/EBP family (Landschulz et al., 1988) and later on in other transcription factors of the fos/jun (Kouzarides and Zi, 1988) , the ATF/CREB families (Hai et al., 1989; Maekawa et al., 1989) , and myc/max (Blackwood et al., 1992) , serving for homo-or heterodimerization between appropriate partners. Only recently, several kinases have been described that contain putative or proven leucine zippers such as PKN (Mukai et al., 1994) , ZPK (Reddy and Pleasure, 1994; Blouin et al., 1996) , LZK (Sakuma et al., 1997) , DLK (Holzman et al., 1994) , MLKs (Hirai et al., 1997) , ATM (Savitzky et al., 1995; Chen and Lee, 1996) , DNA-PK (Hartley et al., 1995) and CHUK the latter of which was recently identi®ed as IkB kinase (Regnier et al., 1997) . Thus, leucine zippers might be more commonly used as interaction motif.
As one might expect the interaction domain within Dlk/ZIP kinase was mapped to the C-terminal segment, containing the leucine zipper, for ATF-4 and also for the other candidates not investigated in this study. Surprisingly, Par-4, which also contains a leucine zipper (Johnstone et al., 1996) bound to Dlk/ ZIP kinase within an arginine-rich domain between residues 337 and 417. That this latter interaction is indeed mediated by the leucine zipper of Par-4 was demonstrated by the colocalization studies. Thus, leucine zippers may interact with other structural entities, too. Indeed, Par-4 itself can interact with zinc ®ngers of WT1 (Johnstone et al., 1996) and PKCx, and l/i (Diaz- Meco et al., 1996) , fos can bind to the pocket domain of Rb (Nead et al., 1998) , and ATF1 can interact with the catalytic subunit of protein kinase CKII (Yamaguchi et al., 1998) .
Signi®cance of the interaction of Dlk/ZIP kinase with ATF-4 and Par-4
The ®ndings that Dlk interacts with at least two modulators of transcription, ATF-4 and Par-4, and that it is localized to nuclear speckles suggests that Dlk/ZIP kinase is involved in regulation of transcription of a set of genes, perhaps in response to particular signals. Members of the ATF/CREB family of transcription factors are downstream eectors of the PKA pathway, but are also aected by PKC-mediated signaling (see review by Karin and Hunter, 1995) . ATF-4 and Par-4 both seem to be negative regulators of transcription by interfering with ATF1/2 (Shimizu et al., 1998) or WT1-mediated transcription (Johnstone et al., 1996) , respectively. It is conceivable that these negative activities of ATF-4 and Par-4 can be regulated through phosphorylation by Dlk/ZIP kinase. In this way, there might be a regulatory link between Dlk/ZIP kinase and WT1, a possibility that should be investigated.
Alternatively, ATF-4 and Par-4 might as well serve as upstream regulators of Dlk/ZIP kinase. ATF-4 might target Dlk/ZIP kinase to transcriptional sites containing ATF response elements. Par-4, on the other hand, might regulate Dlk/ZIP kinase by relocating it to the cytoplasm, thereby interrupting speci®c signaling pathways or interaction with nuclear factors. A similar mechanism, retainment in the cytoplasm, might apply for the inhibition of WT1 by Par-4.
Interestingly, Par-4 was also found as interaction partner of PKC isoforms x and l/i using a similar twohybrid approach (Diaz-Meco et al., 1996) . This study showed that Par-4 speci®cally inhibits PKC isoforms x and l/i but not others, thereby interrupting signaling to AP1 and inducing apoptosis (Berra et al., 1997) . It is conceivable that Par-4 interconnects dierent signaling pathways.
Dlk/ZIP kinase and Par-4 cooperate in inducing apoptosis
In our experiments, neither Dlk not Par-4 did induce apoptosis per se, in agreement with previous studies (KoÈ gel et al., 1998; Sells et al., 1997; Guo et al., 1998) . Obviously, coexpression of both proteins can, under certain conditions, lead to apoptosis. There appeared to be a strong correlation between the degree of cytoplasmic retention of Dlk (as achieved by excess Par-4) and induction of apoptosis. Interestingly, deletion mutants of Dlk that are defective for nuclear transport do induce apoptosis on their own and with high eciency while nuclear targeting of these mutants abrogates apoptosis (KoÈ gel et al., 1999) . What might be the function of Dlk in the cytoplasm? Phosphorylation of myosin light chain, an in vitro substrate of Dlk (and DAP kinase; Cohen et al., 1997) , might be of signi®cance, since this event has been implicated in apoptotic membrane blebbing (Mills et al., 1998) . Certainly, other factors that participate in this process are candidate substrates of Dlk. Based on our and previous ®ndings one can pose the following model: upon certain apoptotic stimuli, the level of Par-4 rises. This leads to interruption of signaling by PKC and, perhaps, Dlk/ZIP kinase, and further to retargeting of Dlk to the actin cytoskeleton to ®nally trigger apoptosis. Work is in progress to investigate this model.
Materials and methods

Cell lines
SV52 cells (SV40 large T-transformed rat embryo ®broblasts; (Bauer et al., 1987) were used as source for RNA to generate the cDNA library; REF52.2 cells were used for expression studies upon transient transfection; mammalian cells were grown as monolayer cultures in Dulbecco's minimal essential medium (GIBCO ± BRL, Eggenstein, Germany) supplemented with 10% fetal bovine serum (PAA Laboratories, Vienna, Austria) and antibiotics; insect SF9 (Spodoptera frugiperda) cells were used for the baculovirus expression system and grown in serum free SF900 medium containing 50 mg/ml gentamycine (GIBCO ± BRL); yeast strain Y190 was used for the two-hybrid system.
Expression plasmids
Plasmid pEGFP-C1-Dlk encoding GFP-Dlk fusion protein was previously described (KoÈ gel et al., 1998). The kinase negative mutant DlkK42A, with a lysine for alanine exchange at residue 42, and C-terminal truncation mutants (see Figure  1) were generated by D KoÈ gel and H Bierbaum (KoÈ gel et al., 1999) . The Par-4 expression constructs CMV-Par-4, encoding wildtype Par-4, or respective deletion mutants Par-4Dleu.zip, Par-4DCTH and leu.zip have been described .
Two-hybrid screening
The HybriZAP TM version (Stratagene, La Jolla, CA, USA) of the two-hybrid-system (Fields and Song, 1989; Chien et al., 1991) was employed. The coding region of Dlk (KoÈ gel et al., 1998) was cloned into pBD-Gal4 to be used as bait. For this purpose, the Dlk cDNA was ampli®ed by PCR with primers 5'-GCG AAT TCA TGT CCA CGT TCA GGC AG-3' and 5'-GCG TCG ACG CGT GGA AAG TAG CTT TA-3', digested with EcoRI and SalI and cloned in frame with the DNAbinding domain of GAL4 of pBD-GAL4. The cDNA to be screened was isolated from SV52 cells by the method of Chomczynski et al. (1987) using the cDNA cloning kit and HybriZAP TM vector (Short et al., 1988) from Stratagene (A Gockel, G Page and KH Scheidtmann, submitted). In this way, the cDNA was fused to the transactivation domain of GAL4 which, after excision revealed the pAD-GAL4-cDNA phagemid. Cloning followed standard protocols (Ausubel et al., 1987; Sambrook et al., 1989) .
Sacharomyces cerevisiae strain Y190 cells were ®rst transformed with pBD-GAL4 Dlk bait plasmid by the lithium acetate method, according to Gietz et al. (1992) , and the transformants were selected on synthetic dextrose medium (SD) lacking tryptophane. The transformants grown on SD-Trp were then further transformed with the pAD-GAL4 cDNA library plasmids. Transformants were selected on SD-plates lacking tryptophane, leucine, and histidine, and containing 30 mM 3-aminotriazole. Agar plates were incubated for 2 weeks at 308C, His + clones were isolated and further assayed for b-galactosidase activity. Positive clones were grown up, the pAD-GAL4 cDNA plasmids were recovered, ampli®ed in Escherichia coli and sequenced by the dideoxynucleotide chain termination method using the T7 Sequencing TM kit (Amersham Pharmacia Biotech, Freiburg, Germany).
b-Galactosidase ®lter assay
Yeast colonies were patched to SD-agar plates lacking His, Trp and Leu, incubated for 5 days at 308C, and then transferred to nitrocellulose ®lters (Schleicher & Schuell, Dassel, Germany) . The ®lters were placed in liquid nitrogene for 10 s, returned to room temperature, and then placed on blotting paper (Schleicher & Schuell) that had been prewetted in Z-buer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM b-mercaptoethanol) containing 1 mg/ml X-gal. The ®lters were incubated up to 24 h at 378C.
In vitro translation
For use in an in vitro translation system the cDNAs isolated in the two hybrid screen were PCR-ampli®ed with primers 5'-CCA AAC CCA AAA ATG GAG ATC GAA TTC-3' and 5'-CTA GAG TCG ACC CGG GCT CGA-3', thereby providing a startcodon in frame with the open reading frame, and cloned into the SmaI-site of pBluescript SK + . In vitro translation was performed in a coupled transcription/ translation system (TNT-T7/T3 Coupled Reticulocyte Translation System, Promega, Madison, WI, USA) according to manufacturer's instructions.
Expression and puri®cation of GST-fusion proteins
To generate plasmids expressing the cDNAs in fusion with glutathione S-transferase, cDNA-fragments were ampli®ed by PCR from the pAD-cDNA plasmids using primers 5'-GCG CGG ATC CCC AAA CCC AAA AAT GGA GAT C-3' and 5'-CTA GAG TCG ACC CGG GCT CGA-3', the fragments were digested with BamHI and XhoI and cloned into pGEX 6T-vector. GST fusion proteins were expressed and puri®ed from E. coli M15 by anity chromatography with glutathione sepharose as described (Smith and Johnson, 1988; MuÈ ller and Scheidtmann, 1995) .
GST pull-down assays
For GST pull-down assays, 20 ml of glutathione sepharose were preincubated with unlabeled cell extract from Dlkbaculovirus-infected SF9 cells for 1 h at 48C. This step was necessary to minimize unspeci®c binding of 35 S-methioninelabeled Dlk to the sepharose beads. After washing the beads ®ve times with phosphate buered lysis buer (PLB: 10 mM NaPO 4 , pH 8, 140 mM NaCl, 3 mM MgCl 2 , 10 mM bmercaptoethanol, 0.5% Nonidet P-40 and 0.001% aprotinine) approximately 2 mg of M15-lysate containing the GSTfusion protein was added and the beads were incubated in PLB for 1 h at 48c. After extensive washing, 20 ml of 35 Smethionine-labeled, in vitro translated Dlk was added. Binding was allowed for 1 h at 48C after which the beads were again washed four times with PLB, once with RIPA buer (10 mM Tris-HCl pH 7.5, 140 mM NaCl, 1% DOC, 1% NP-40, 0.1% SDS, 1 mM DTT and 0.001% aprotinine), and once with 10 mM Tris-HCl pH 7.5. Bound proteins were eluted in SDS ± PAGE sample buer (3.3% SDS, 125 mM Tris-HCl pH 6.8 and 20 mM DTT), subjected to SDS ± PAGE and visualized by¯uorography.
Expression and puri®cation of His-Dlk from baculovirusinfected SF9 cells
Recombinant baculoviruses encoding histidine-tagged wildtype or mutant forms of Dlk were generated and propagated as described (Fuchs et al., 1995) . His-tagged Dlk expressed in the baculovirus system was puri®ed by anity chromatography on Ni-NTA agarose (Qiagen, Hilden, Germany) as described (KoÈ gel et al., 1998) . For binding studies, approximately 2 mg of crude nuclear extract from His-Dlkbaculovirus infected Sf9 cells were bound to Ni-NTA-agarose for 2 h at 48C in IMAC-5 (20 mM Tris-HCl pH 8, 0.5 M NaCl, 10% glycerine, 1 mM PMSF and 5 mM b-ME) containing 5 mM imidazole. After washing ®ve times in IMAC-50 (50 mM imidazole) and once with PLB, in vitro translated proteins representing potential interaction partners were added and incubated at 48C for 2 h. The beads were washed ®ve times with PLB, bound proteins were eluted in SDS ± PAGE sample buer, resolved by SDS ± PAGE and detected by¯uorography.
Kinase assays
Kinase assays were performed with puri®ed His-tagged Dlk and GST-fusion proteins as substrates in kinase buer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MnCl 2 , 1 mM DTT, 1 mM PMSF, and 1 mCi [ 32 P] g-ATP (speci®c activity 3000 Ci/mmol, Amersham Pharmacia Biotech) at 378C for 30 min (KoÈ gel et al., 1998). Typically 0.5 ml (about 10 ng) of puri®ed His-Dlk and 1 ml (about 1 mg) of puri®ed GST fusion protein were employed in 10 ml reactions. Reactions were stopped by adding 12 ml of 26SDS ± PAGE sample buer containing 10 mM EDTA and subjected to SDS ± PAGE.
RNA expression analysis by Northern blotting
Blotting membrane containing approximately 2 mg of poly(A) + RNA per lane from eight dierent rat tissues (see legend to Figure 7 ) (Clontech, Heidelberg, Germany) were used for Northern analysis. Filters were prehybridized and hybridized in 50% deionized formamide, 26Denhardt's, 56SSPE, 0.1% SDS, 100 mg/ml of denatured salmon sperm DNA and 100 mg/ml tRNA. Blots were hybridized with 32 P-adCTP-labeled cDNA-fragments overnight at 428C and processed according to standard procedures (Sambrook et al., 1989) .
Transfection and immuno¯uorescence analyses REF 52.2 cells were plated on coverslips and transiently transfected with 300 ng GFP-Dlk expression vectors (KoÈ gel et al., 1998) or 300 ng of Par-4 expression vectors , or both, with Lipofectamine TM (GIBCO ± BRL) for 2 h. After changing the medium the cells were incubated for 24 h and then washed two times with PBS, ®xed with 2% paraformaldehyde in PBS for 15 min, washed again two times with PBS and permeabilized with 0.2% Triton X-100 in PBS for 5 min. The cells were washed two times in PBS and then blocked for 30 min in 1% bovine serum albumin in PBS. The cells were incubated with a rabbit anti-Par-4 antibody (1 : 10 000) for 1 h and, after washing, with goat anti-rabbit Cy TM 3-conjugated secondary antibody (Dianova, Hamburg, Germany) (1 : 500) for 30 min. Actin staining was performed either with TRITC-labeled or cumarin-labeled phalloidin according to Wulf et al. (1979) or with anti-actin antibodies (Dianova) and FITC-conjugated secondary antibodies. DAPI staining of nuclei was performed after ®xation and permeabilization of cells with 1 mg/ml of DAPI (4,6-Diamidino-2-phenylindole) for 15 min and subsequent washing as described above. The subcellular distribution of GFP-Dlk, Par-4 and actin was analysed bȳ uorescence microscopy with an Axioplan¯uorescence microscope (Zeiss).
Treatment with cytochalasin B
At 24 h posttransfection, cells were treated with cytochalasin B (Sigma) at 2.5 mg/ml for 15 min (modi®ed from Klotzsche et al., 1998) . Under these conditions half of the cells displayed disruption of the actin ®laments.
